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ABSTRACT
The retargeting of protein–DNA specificity, outside
of extremely modular DNA binding proteins such
as TAL effectors, has generally proved to be quite
challenging. Here, we describe structural analyses
of five different extensively retargeted variants of a
single homing endonuclease, that have been shown
to function efficiently in ex vivo and in vivo appli-
cations. The redesigned proteins harbor mutations
at up to 53 residues (18%) of their amino acid se-
quence, primarily distributed across the DNA bind-
ing surface, making them among the most signifi-
cantly reengineered ligand-binding proteins to date.
Specificity is derived from the combined contribu-
tions of DNA-contacting residues and of neighbor-
ing residues that influence local structural organi-
zation. Changes in specificity are facilitated by the
ability of all those residues to readily exchange both
form and function. The fidelity of recognition is not
precisely correlated with the fraction or total num-
ber of residues in the protein–DNA interface that are
actually involved in DNA contacts, including direc-
tional hydrogen bonds. The plasticity of the DNA-
recognition surface of this protein, which allows sub-
stantial retargeting of recognition specificity with-
out requiring significant alteration of the surrounding
protein architecture, reflects the ability of the corre-
sponding genetic elements to maintain mobility and
persistence in the face of genetic drift within poten-
tial host target sites.
Understanding the molecular mechanisms that dictate
the affinity and specificity of protein–DNArecognition is an
area of investigation that remains critical for many fields of
research, including protein engineering. This is particularly
important for the purpose of creating novel target speci-
ficities for enzymes that act upon DNA targets, including
those that are used for targeted genome modification (such
as recombinases, integrases, transposases and especially en-
donucleases). Recent studies have greatly enhanced our un-
derstanding of the complex balance of contacts and forces
that lead to protein–DNA recognition. In particular, exam-
ination of highly diverse DNAbinding protein systems have
demonstrated that recognition of the shape and structural
features of aDNA target can greatly augment the specificity
imparted by contacts to the chemically distinct sequence
of individual nucleotide base pairs. This includes recogni-
tion of altered minor groove dimensions and corresponding
changes in the surrounding surface electrostatic potential
in response to DNA bending (1,2), recognition of altered
DNA conformations as a result of cytosine methylation or
other epigenetic modifications (again including altered mi-
nor groove dimensions) (3), recognition of alteredDNAdu-
plex shape and electrostatic potential corresponding to the
presence of non-canonical base pairs in the target (4), and
the contribution of surrounding DNA sequence on target
shape and conformation (5).
A relatively recent review article (6), focused on how tran-
scription factors limit their interactions with potential tar-
gets in various cell types and tissues, clearly outlines how
DNA recognition involves the presence and exploitation of
many layers of unique structural features beyond DNA se-
quence (including shape, flexibility, accessibility and coop-
erativity between multiple DNA binding proteins). Thus,
simple codes or correlation between protein and DNA se-
quences that might be predictive of protein–DNA recogni-
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tion are largely absent, except for rare examples of extremely
modular DNA-binding proteins (e.g. TAL effectors).
DNA binding proteins and enzymes that are associated
with mobile genetic elements face strong evolutionary pres-
sure to rapidly and efficiently alter their DNA recognition
specificity. By doing so, they maximize their ability to in-
vade new DNA target sites, while also persisting in their ex-
isting target sites. Homing endonucleases (hereafter termed
‘meganucleases’) are microbial DNA cleavage enzymes that
are encoded within mobile microbial intervening sequences
(group I and group II introns and inteins). Meganucle-
ases, and their associated introns and inteins, are encoded
within phage, prokaryotes and single-cell eukaryotes. They
recognize long DNA target sites (7): meganucleases from
the LAGLIDADG protein family (reviewed in (8)) typi-
cally recognize and cleave DNA targets spanning 20–22
base pairs in length. The length of their targets provides suf-
ficient specificity to avoid toxicity to their host organism,
while their ability to tolerate polymorphisms within those
targets allows them to remain active when encountering ge-
netic drift within their host genes (9).
Evenmoderate evolutionary divergence from recent com-
mon ancestors allows wild-type meganucleases to establish
entirely new DNA specificities, thus facilitating invasion of
new genomic targets. A recent analysis has demonstrated
that even whenmaintaining up to 50% amino acid sequence
identity and very close structural similarity, homologous
wild-typemeganucleases can recognize and cleave highly di-
vergedDNA targets (10). The ability of these endonucleases
to readily adopt newDNA target specificities, with minimal
resculpting of their overall folded topology and structure,
may reflect their biological function as the enzymatic drivers
of intronmobility, transfer and persistence (reviewed in (7)).
The mechanism of DNA recognition bymeganucleases is
typical of the structural and mechanistic features displayed
by many DNA-binding proteins, involving a combination
of (i) contacts between protein side chains and nucleotide
bases throughout the major groove of the target site, (ii)
significant DNA bending at the center of the target, caus-
ing a distortion of both major and minor groove dimen-
sions and corresponding alteration to the shape and elec-
trostatic surface of the target and (iii) additional contacts
in and along the minor groove at the site of bending. At the
same time, DNA recognition by ameganuclease is notewor-
thy with respect to the length of its target site (22 base pairs)
and the corresponding expanse of its DNA-contacting sur-
face (comprising∼50 amino acids). Their recognition speci-
ficity is often enforced largely during DNA cleavage, rather
than through modulation of binding affinity alone. Finally,
they display highly variable specificity at individual posi-
tions in the protein–DNA complex (ranging from nearly ex-
clusive recognition at some base pair positions, to consider-
able promiscuity at nearby positions) (9,11).
A large number of studies over the past 15 years have de-
scribed a variety of engineering and selection experiments
to altermeganuclease specificity. These experiments initially
consisted of relatively simple experiments intended to al-
ter meganuclease specificity at single base pairs (12,13).
Subsequent experiments addressed the reprogramming of
specificity across multiple base pairs and highlighted how
context-dependent interactions between neighboring DNA
base pairs and protein side chains could unexpectedly and
significantly alter DNA conformation and shape. These
studies illustrated that meganuclease engineering requires
methods that treated DNA recognition as the product of
more than the sum of individual contacts and interactions.
A high-throughput selection method, in which the protein’s
cleavage activity was coupled to the homology-driven re-
constitution of a reporter gene, successfully addressed this
property (14). In that approach, multiple semi-randomized
libraries of the meganuclease, where each library harbored
collections of amino acid substitutions within ‘modules’ or
‘clusters’ of residues that collectively contacted several adja-
cent DNA base pairs, were screened. By doing so, investiga-
tors could isolate and combine a large number of individual
protein variants, harboring multiple amino acid changes,
that could accommodate multiple adjacent base pair sub-
stitutions at several distinct regions of the enzyme’s target
site (15).
Since then, multiple groups have described the creation of
extensively altered variants of the I-CreI homing endonu-
clease and their successful application for nuclease-driven,
targeted gene modification. Methods used for redirection
of specificity include the phenotypic screens from semi-
randomized protein libraries described above (14), as well
as structure-based redesign of the wild-type protein (16).
Using these approaches, these groups have created and em-
ployed redesigned variants of single-chain I-CreI endonu-
clease for a wide variety of purposes, such as modification
and correction of the human XPC gene for the treatment
of Xeroderma Pigmentosum (17–19), creation of cell lines
harboring defined genetic insertions and alterations (18,20),
generation of transgenic lines of maize containing herita-
ble disruptions of the ligueleless-1 and MS26 loci (16,21),
excision of defined genomic regions in Arabidopsis (22), in-
sertion of multiple trait genes in cotton (23), generation of
Rag1 gene knockouts in human cell lines (24,25) and in
transgenic rodents (26), disruption of integrated viral ge-
nomic targets in human cell lines (27), and demonstration
of the correction of exon deletions in the humanDMDgene
associated with duchennemuscular dystrophy (28). Crystal-
lographic structures of two of these fully reengineered vari-
ants (against the human Rag1 and XPC targets have been
solved and described (18,25).
Here we report crystallographic structure analyses of
multiple fully reengineered variants of the I-OnuI meganu-
clease, and describe the manner in which this one individual
DNA binding enzyme can be induced to bind and cleave
several completely diverged DNA targets. The engineered
variants of the starting enzyme were produced using an en-
gineering pipeline that relies upon a combination of yeast
surface display and high-throughput flow cytometry (Sup-
plementary Figure S1) to screen semi-randomized endonu-
clease libraries for altered binding and cleavage specificity,
followed by assembly of the final engineered nucleases (29).
These redesigned enzymes cleave unrelated targets in hu-
man, viral or insect host genes, are highly active in trans-
fected primary human cells or transgenic insects, and dis-
play specificity profiles that rival or exceed the parental
meganuclease. The results of this study demonstrate the ex-
tent to which a single meganuclease protein can be substan-
tially reprogrammed for recognition of multiple unique ge-
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nomic target sites, without the need for significant alteration
of the surrounding protein scaffold.
MATERIALS AND METHODS
Nomenclature
All sequences and/or structures of the engineered vari-
ants in this paper are deposited in in the RCSB structural
database and named according to published nomenclature
conventions (30). For brevity, these enzymes are referred to
in the following text using a shorter convention (for exam-
ple, ‘eOnuCCR5’ for the engineered ‘I-OnuI-e-hCCR5’ en-
zyme that targets the human CCR5 gene). Table 1 lists for-
mal names, abbreviations, genomic targets, total number of
mutations, PDB ID codes and in cellulo or in vivo cleavage
activities of all constructs.
Vectors
For yeast-based assays of endonuclease cleavage activity
and specificity, the eOnu protein coding sequences were
cloned into the pETCON yeast surface expression vec-
tor (Addgene #41522). The pETCON vector incorporates
an N-terminal hemagglutinin (HA) epitope tag and a C-
terminal Myc tag to allow for fluorescent antibody staining
in flow cytometric assays and cell sorting. A modified ver-
sion of this vector, containing the I-OnuI protein scaffold,
was also used in all of the yeast libraries.
For protein production and crystallographic analyses,
reading frames encoding engineered meganucleases were
subcloned into commercially available bacterial pET ex-
pression vectors (Novagen, Inc.) for protein production.
The commercially available expression vector pET21d was
used to create T7-inducible constructs with no affinity pu-
rification tags. One enzyme (eOnu-CCR5) was also ex-
pressed using a GST fusion partner (which was subse-
quently removed proteolytically) to enhance expression lev-
els and yield of the purified protein.
Protein engineering
The general methods used to reprogram the DNA binding
specificity of the meganucleases in this study, while main-
taining overall fidelity and cleavage activity, have been pre-
viously described in detail as outlined and cited here (31,32)
and below. The basis for reprogramming the DNA cleavage
specificity of a meganuclease is the use of yeast surface dis-
play coupled with flow cytometry (Supplementary Figure
S1). This approach allows us to screen protein libraries for
desired DNA cleavage activities and specificities, and to as-
say the activity of individual protein constructs at the end
of each round of selections. Briefly, combinatorial libraries
of meganuclease variants are expressed on the surface of
transformed yeast, and individual constructs that display
cleavage activity against a definedDNA target are identified
and isolated. This process uses a flow-cytometric approach
in which cleavage of a DNA substrate (harboring a fluores-
cent label on one end) in the presence of magnesium ions re-
sults in a reduction in cell staining intensity that allows for
cell sorting and isolation of active constructs (31,32). The
strategy for creating the combinatorial libraries of LAGLI-
DADG meganuclease variants, that harbor clusters of mu-
tations at 6 to 9 residues (that surround the location ofDNA
base pair triplets that harbor one or more changes in the
new target sequence) has been described in (33,34). Itera-
tive, sequential steps of such selections spanning the entire
protein–DNA interface is followed by assembly of fully re-
targeted enzymes that recognize completely novel genomic
target sites.
The activity of individual clones against their genomic
targets were determined by deep sequencing of the endoge-
nous target locus and measuring of the frequency of mu-
tated sites harboring indels or base pair substitutions as
previously described in (35–37). These analyses were con-
ducted either after transient expression in the appropriate
primary cell line, or (in the case of gene-drive meganucle-
ases) expressed in mosquito testes after isolation of appro-
priate tissue directly from a transgenic organism harboring
the meganuclease gene, which was expressed under the con-
trol of a testes-specific promoter.
The specificity of the same engineered enzymes was fur-
ther assessed both bymeasuring their ability to cleave target
sites containing single base pair substitutions (a ‘one-off’
specificity profile) and by measuring their activity against
potential genomic off-target sites (with the same assay used
for analysis of the ‘on-target’ locus) using methods de-
scribed in detail in (11,29,35,38).
The activity and specificity of a series of fully retargeted
meganucleases and corresponding MegaTALs (fusions of
TAL effectors and the engineered meganucleases) in pri-
mary human cells, including several described in the struc-
tural analyses in this study, have been described in (35)
(eOnuTCR) and (36,37) (eOnuCCR5). The cellular cleav-
age activities of constructs examined in this paper, including
a cited recapitulation of published data, are summarized in
Table 1.
Specificity assays
Wild-type I-OnuI, eOnuTCR and eOnu7280 were ex-
pressed on the surface of yeast and tested for cleavage ac-
tivity against 66 different targets, each harboring a single
base pair substitution at one position in the enzyme’s in-
tendedDNA target, using previously described flow cytom-
etry methods (Supplementary Figure S1) (29). Cleavage ac-
tivity was measured by quantifying the drop in mean A647
signal (corresponding to the fluorophore located on the end
of the DNA substrate) between calcium (uncleaved) and
magnesium (cleaved) samples, and the values are presented
relative to the enzyme’s activity against its wild type target
sequence. (39)). For each construct, the experiment was re-
peated 3 timeswith separately transfected and induced yeast
cultures; one representative set of results is displayed in the
figure.
Mosquito transgenesis and characterization of in vivo gene
modification activity
The method used for quantitative measurement of target
gene modification by the eOnu7280 meganuclease (which
was encoded under control of a testes-specific promoter in
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Table 1. Engineered enzymes in this study
Meganuclease (abbreviation)
(PDB ID; # of mutations vs. WT)
Gene modification activity
(method of analysis) Genomic target Reference
I-OnuI-e-hCCR5 (eOnuCCR5)
(5THG; 48 mutations)
80% disruption (MegaTAL);
CCR5 cell staining & enzymatic T7
indel assay
Human HIV coreceptor (CCR5) Sather et al. (7)
Ibarra et al. (8)
I-OnuI-e-hTCR (eOnuTCR)
(5T2H; 43 mutations)
38% disruption (Meganuclease);
70% disruption (MegaTAL); CD3
cell staining & MiSeq Target
Analysis
Human T-cell receptor alpha
chain (TCR)
Boissel et al. (6)
I-OnuI-e-vHIVInt (eOnuHIVInt)
(5T8D; 47 mutations)
44% disruption (MegaTAL)
Digital PCR target analysis
Viral integrase reading frame in
HIV pol gene
Sedlak et al. (9)
I-OnuI-e-Ag7280 (eOnu7280)
(5T2N; 38 mutations)
63% disruption (Meganuclease)
T7 indel assay & MiSeq target
analysis of Anopheles gDNA
A. gambiae AGAP007280 (female
fertility gene)
This study
I-OnuI-e-Ag11377 (eOnu11377)
(5T2O; 53 mutations)
22% disruption (Meganuclease)
Disruption of integrated fluorescent
reporter harboring target site
A. gambiae AGAP011377 (female
fertility gene)
This study
The PDB ID code and number of mutations relative to the wild-type enzyme is listed in the left-most column. The level of gene modification activity in
cellular assays, the genomic target that is modified, and the citation for those experiments (for the three that have been published) are provided in the
ensuing three columns..
the germline of transgenic mosquitos and is expressed dur-
ing male meiosis) has previously been described in (40). The
eOnu11377 meganuclease, which is still under development
as a gene drive meganuclease in mosquitos, was assayed in
a cell line harboring an chromosomally integrated copy of
its target site in a fluorescent reporter of cleavage activity (a
method also described in (40)).
To create genetically modified insects (Supplementary
Figure S2),Anopheles gambiae sensu stricto embryos (strain
G3, referred to as wild-type) were injected with a mixture of
0.2 g/l of a transformation plasmid encoding the engi-
neered meganuclease and 0.4 g/l of helper plasmid con-
taining a vasa promoter driven piggyBac transposase, using
a Femtojet Express injector and a Narishige 202NDmicro-
manipulator mounted on an inverted microscope (Nikon
TE-DH100W) Survivors were screened for transient expres-
sion of the DsRed marker at the larval stage. Adult trans-
fectants were crossed to wild-type mosquitoes and their
progeny was analyzed for DsRed fluorescence. Individual
larvae showing expression of DsRed were then separated,
and the adults that emerged were crossed individually to
wild-type mosquitoes. The identity and independence of in-
tegration events was determined by inverse PCR.
Transgenic mosquitoes at different developmental stages
were analyzed on a Nikon inverted microscope (Eclipse
TE200) at a wavelength of 488 nm to detect eGFP expres-
sion (filter 535/20 nm emission, 505 nm dichroic) and 563
nm to detect DsRed expression (Filter 630/30 nm emission,
595 nm dichroic). The transgenic lines were maintained so
that in each generation transgenic females were backcrossed
back to G3 wild-type males. Genotyping was performed
using inverse PCR. Briefly, 500 ng of genomic DNA was
separately digested with 10 units of Sau3AI or HinP1I, 5
l of each digestion was re-ligated with T4 DNA ligase
(Takara) in a final volume of 20 l, of which 5 l were
subjected to PCR. The piggyBac flanking regions were am-
plifiedwith primers 5F1 (GACGCATGATTATCTTTTAC
GTGAC) and 5R1 (TGACACTTACCGCATTGACA) for
5′ junctions; or 3F1 (CAACATGACTGTTTTTAAAGTA
CAAA) and 3R1 (GTCAGAAACAACTTTGGCACAT
AT) for 3′ junctions, followed by a second inner PCR re-
action using primers 5F2 (GCGATGACGAGCTTGTTG
GTG) and 5R2 (TCCAAGCGGCGAATGAGATG) for
5′ junctions; or 3F2 (CCTCGATATACAGACCGATAAA
AC) and 3R2 (TGCATTTGCCTTTCGCCTTAT) for 3′
junctions on 5 l of the first reaction. Genomic inser-
tion sites were sequenced using primers pB-5SEQ (CG
CGCTATTTAGAAAGAGAGA) for 5′ junctions and pB-
3SEQ (CGATAAAACACATGCGTCAATT) for 3′ junc-
tions. Strains I1-H7280A1 carries the construct inserted on
chromosome 2R (13C) at position 29 172 631. Primers 7280-
F1 (GGGCTGTGGGATGGATCAG) and 7280-R1 (AG
TCTCAGCTTCCGTTGTATCCAC) were used to amplify
and sequence the target regions.
Protein overexpression and purification
Sequence verified plasmids were transformed into
BL21(DE3) RIL Escherichia coli cells and plated on
LB-Amp plates to grow at 37◦C. Colonies were grown in
10 ml overnight cultures of LB + Amp (100 g/ml) and
diluted 1:100 the next day to a final volume of 1 l. Cell
cultures were shaken at 37◦C until the cells reached an
OD600 between 0.6 and 0.8. Cells were then induced with
0.2 mM IPTG, and incubated overnight at 16◦C. Induced
cells were pelleted and stored at –20◦C. Successful protein
induction was verified by SDS-PAGE.
Cell pellets were resuspended in a buffer containing 25
mM Tris–HCl pH 7.5, 300 mM NaCl and 5% glycerol.
PMSF and benzonase (Sigma-Aldrich) were added to 40
M and 0.18 U/l concentrations, respectively, prior to
sonication. Cell debris was pelleted and the supernatant was
filtered through a 0.45 m filter. Untagged protein samples
were loaded onto a 5 ml Heparin HP HiTrap column (GE
Life Sciences) and eluted with a linear salt gradient (Buffer
A: 25 mM Tris–HCl pH 7.5, 300 mM NaCl, 5% glycerol,
Buffer B: 25 mM Tris–HCl pH 7.5, 1 M NaCl, 5% glyc-
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erol). The meganuclease constructs eluted in sharp individ-
ual peaks between 500 and 800 mM NaCl.
All constructs were then concentrated to 5–20 mg/ml
and passed over a size exclusion column (15 ml Superdex
200 10/300 GL, GE Life Sciences) in the presence of 25
mM Tris–HCl pH 7.5, 200 mM NaCl and 5% glycerol. For
eOnu7280, a higher salt concentration (500 mMNaCl) was
necessary for optimal purification at this final step.
Meganuclease–DNA crystallization and data collection
Recombinant proteins were incubated with CaCl2 and a
double-stranded DNA oligonucleotide (IDT) containing
each meganuclease’s 22 bp target site (underlined sequence
in the text below), flanked by various lengths of random du-
plex sequences that terminated either with blunt ends, sin-
gle base 3′ overhangs or single base 5′ overhangs. The ini-
tial mixtures were set up at 1:1.5 protein:DNA molar ra-
tios. Crystallization of the protein/DNAcomplexes was ini-
tially screened in 96-well trays using a mosquito robot (TPP
Labtech) with three pre-made crystallization grids: PEGs
Suite (Qiagen), Index I & II (Hampton Research), andWiz-
ard Classic (Rigaku/Emerald BioStructures). Crystal hits
from initial screens were further optimized in larger scale
24-well hanging drop trays. FinalDNA constructs and crys-
tallization conditions for each structure are listed below.
Data was collected either on an in-house Rigaku Micro-
max 007HF rotating anode generator using an RaxisIV++
imaging plate detector or a Saturn 944+ CCD area detec-
tor or at the Advanced Light Source (ALS) synchrotron fa-
cility (Beamlines 5.0.1 or 5.0.2) at Lawrence Berkeley Na-
tional Laboratory, using an ADSC Quantum 315R 3 × 3
CCDarea detector or a Pilatus 6M silicon pixel detector. All
data were processed using program HKL2000 (41). Phases
were obtained by molecular replacement with PHASER
(42) using the I-OnuI structure (PDB ID 3QQY) as a search
model. Model building and refinement were performed us-
ing COOT (43) and PHENIX (44) or CCP4 (45,46), respec-
tively. Structural analyses of superposition RMSD values
and DNA bending parameters were done with PyMol (47),
COOT (43), Visual Molecular Dynamics (48), and 3DNA
(49).
eOnuCCR5 crystallized in 28% (w/v) PEG8000, 100mM
HEPES pH 6.5 in the presence of a bound 28 base pair du-
plex DNA harboring single base 5′ C/G overhangs:
Top: 5′-CCACCTTCCAGGAATTCTTTGGCCTGCA
C-3′
Bottom: 3′-GTGGAAGGTCCTTAAGAAACCGGAC
GTGG-5′
The crystal was cryoprotected in artificial 80% mother
liquor with 20% sucrose and flash frozen in liquid nitro-
gen. Data was collected with an in-houseRigakuMicromax
007HF rotating anode generator using a Saturn 944+ CCD
area detector.
eOnuTCR crystallized in 35% (v/v) pentaerythritol
ethoxylate, 50 mMBis–Tris pH 6.5 and 50 mM ammonium
sulfate in the presence of a bound 25 base pair duplex DNA
harboring single base 5′ G/C overhangs:
Top: 5′-GGGTGTCTGCCTATTCACCGATTTTG-3′
Bottom: 3′-CCACAGACGGATAAGTGGCTAAAA
CC-5′
The crystal was cryoprotected in 80% mother liquor and
20% ethylene glycol and flash frozen in liquid nitrogen.Data
was collected at ALS Beamline 5.0.1 using an ADSCQuan-
tum 315R 3 × 3 CCD area detector.
eOnuHIVInt crystallized in 22.5% (w/v) PEG 3350, 100
mM HEPES pH 7.0, 200 mM ammonium sulfate, in the
presence of a bound 25 base pair duplex DNA harboring
single base 5′ T/A overhangs:
Top: 5′- GGGAATGGCAGTATTCATCCACAATG-3′
Bottom: 3′-CCTTACCGTCATAAGTAGGTGTTACC
-5′
The crystal was cryoprotected in 80%mother liquor with
20% sucrose and flash frozen in liquid nitrogen. Data was
collected at ALS Beamline 5.0.2 using a Pilatus 6M silicon
pixel detector.
eOnu7280 crystallized in 35% pentaerythritol ethoxylate
(15/4 EO/OH), 50mMammonium sulfate, 50mMBis–Tris
pH 6.5, in the presence of a bound 25 base pair duplexDNA
harboring single base 5′ G/C overhangs:
Top: 5′-GGGCCTCCTCACTTTCTTCCTCACCG-3′
Bottom: 3′-CCGGAGGAGTGAAAGAAGGAGTGG
CC-5′
The crystal was cryoprotected in 80%mother liquor with
20% ethylene glycol and flash frozen in liquid nitrogen.Data
was collected at ALS Beamline 5.0.2 using an ADSCQuan-
tum 315R 3 × 3 CCD area detector.
eOnu11377 crystallized in 33% (v/v) pentaerythritol
ethoxylate (15/4 EO/OH), 50 mMHEPES pH 7.5, 50 mM
ammonium sulfate in the presence of a bound 25 base pair
duplex DNA harboring single base 5′ G/C overhangs:
Top: 5′-GGGGCCGGAAAATTTCTACGTCTGCG-3′
Bottom: 3′-CCCGGCCTTTTAAAGATGCAGACG
CC-5′
The crystal was cryoprotected in 80% mother liquor and
20% ethylene glycol and flash frozen in liquid nitrogen.Data
was collected at ALS Beamline 5.0.2 using a Pilatus 6M sil-
icon pixel detector.
RESULTS
Five separately reengineered meganucleases (Figure 1, Ta-
ble 1 and Supplementary Figure S3) were generated that dis-
play highly efficient and specific cleavage of genomic target
sites. Those sites are found in the human genome (in genes
encoding the T-cell receptor alpha chain and the HIV core-
ceptor CCR5 (targeted by eOnuTCR and eOnuCCR5),
in a viral genome (in the integrase coding sequence within
the HIV pol gene, targeted by eOnuHIVInt) and in the
Anopheles gambiae genome (in two genes that encoded fac-
tors required for female reproductive development, targeted
by eOnu7280 and eOnu11377). All five enzymes are highly
active and specific in vitro, and when incorporated into a
megaTAL gene editing architecture (35) they exhibit signif-
icant cleavage of their chromosomal target sites in trans-
fected cells. The ability of two of these targeted nucleases
(eOnuTCR and eOnuCCR5) to efficiently disrupt and/or
modify their endogenous genomic targets in primary hu-
man T-cells, as well as the ability of a third (eOnuHIVInt) to
do so in an integrated proviral genome in a human cell line,
has been previously described (36,37,50). A fourth enzyme
(eOnu7280) drives highly efficient and specific gene disrup-
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Figure 1. Summary of engineered variants of I-OnuI. (A) DNA target sites
and correspondingDNA logo plots of their alignment. The bases are num-
bered based on the exact center of the target site (indicated by the vertical
line and flanked by positions –2, –1, +1 and +2, which lie inside the scissile
phosphates that are cleaved by the enzyme to liberate 4 base, 3′ overhangs).
The bases contacted by the enzymes’ N-terminal domain are negatively
numbered; the bases contacted by the C-terminal domain are positively
numbered. (B) eOnu DNA binding surfaces and corresponding residue
positions subjected to randomization and selection experiments to create
individual eOnus. Positions and side chains shown in green correspond to
the enzymeN-terminal domain (which contacts the 5′ half-site of theDNA
target); those in blue correspond to the C-terminal domain (which contacts
the 3′ half-site of the same DNA target). The logo plot shows the relative
frequency of side chains at each position for the wild-type enzyme and the
5 variants described in this study. The wild-type residue is indicated below
the logo plot. See Table 1 for a list of the enzymes and their functional
properties and Supplementary Figure S3 for a multi-sequence alignment
of the wild-type and engineered enzymes.
tion in vivo in transgenic mosquitos that transiently express
the meganuclease during spermatogenesis. Measurements
of the in cellulo and/or in vivo activities for these enzymes
(including a recapitulation of the published activity data
cited above) are summarized in Table 1.
The target sites for the five reengineered meganucleases
are shown in Figure 1A. Other than maintaining their orig-
inal specificities across the central four base pairs of each
target site (a constraint that is related to bending of the
DNA upon protein binding (10)), the base pair identities
are changed liberally throughout the remainder of theDNA
target, and many base pairs are present at least once at each
position.
The distribution of altered protein residues in the en-
gineered nucleases are illustrated in Figure 1B and Sup-
plementary Figure S3; the corresponding alteration of the
topology and electrostatic charge distribution of the pro-
tein’s DNA-binding surface is illustrated in Figure 2. Prior
to individual engineering experiments, seven point muta-
tions (indicated with black asterisks in the protein sequence
alignment in Supplementary Figure S3) were incorporated
on the solvent-exposed surface and inter-domain peptide
linker of the wild-type enzyme to improve its solubility and
solution behavior; those mutations are largely maintained
in the redesigned meganucleases. A total of 50 additional
residues in the protein–DNA interface (Figure 1B and Ta-
ble 2) were then subjected to iterative rounds of random-
ization and selection for desired cleavage specificity. The fi-
nal redesigned enzymes contain amino acid substitutions at
anywhere from 38 (eOnu7280) to 53 (eOnu11377) positions,
corresponding to alteration of up to 18% the wild-type I-
OnuI enzyme’s residues.
All five engineered variants of the meganuclease were pu-
rified to homogeneity, and the crystallographic structures of
each construct in complex with its DNA target site and cal-
cium (i.e. in their pre-cleavage stage) was determined. Data
collection and refinement statistics are provided in Supple-
mentary Table S1. Superposition of the protein structures
(Figure 3 and Supplementary Table S2) indicates that the
alteration and diversity of DNA recognition specificity de-
scribed above is accomplished with an overall shift in pro-
tein backbone positions across the entire protein scaffold
well below 1 A˚ root mean square deviation (RMSD). The
average RMSD values calculated across comparable super-
imposed DNA atom positions is 1.5 A˚ (Figure 4 and Sup-
plementary Table S2).
The reorganization and structural changes in these pro-
teins that facilitate recognition of alternate DNA targets
can be described as the sum of: (i) small protein back-
bone motions involving DNA-contacting -sheets (that
contribute the largest share of contacts to nucleotide bases
throughout the major groove) (Figure 3B); (ii) much larger
reorganization of flanking protein loops at both ends of
the -sheets (Figure 3C), and (iii) extensive role-swapping
throughout the entirety of the protein–DNA interface (ex-
plained further in the next paragraph).
As summarized in Table 2, ∼50 residues are localized
to the protein DNA interface, and have the potential to
form contacts to the target in a reengineered variant of the
enzyme. These positions correspond to all residues in the
DNA-bound structure of wild-type I-OnuI that are located
on each of the eight separate DNA-contacting -strands
and that face towards the bound DNA, as well as all ad-
ditional residues located at any position in the loop regions
that connect those -strands. In each structure (including
the wild-type protein–DNA complex), a subset of those
residues participates in DNA contacts, while the remainder
are engaged in neighboring structural interactions that con-
tribute to the overall structural organization of the protein’s
DNA-binding surface (but do not make obvious contacts
to the DNA target). In the wild-type protein, 22 of these
residues (44% of residues located in the protein–DNA inter-
face) are clearly involved in nucleotide contacts. In the five
reengineered variants of the enzyme, that same percentage
ranges from a low of 17 DNA-contacting positions (34%)
to 25 (50%). For each of the reengineered enzymes, approx-
imately one-third of the side chains in the protein interface
exchange roles in DNA recognition (converting between a
DNA-contact and an indirect structural role or vice-versa)
relative to the original wild-type enzyme.
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Figure 2. DNA binding surfaces. Structures and electrostatic charge distribution of the DNA-binding surface of wild-type I-OnuI and its engineered
variants. In the qualitative electrostatic charge distribution maps (calculated and visualized in PyMol (47)), blue corresponds to positively charged surface
regions and red is negative. The structures are each viewed across the antiparallel DNA-contacting -sheets presented by protein’s N- and C-terminal
domains. While the topology of the protein backbone across the -sheets does not change dramatically (see also Figure 3), the amino acid changes create
significant alterations in the details of the electrostatic potential across the surface.
We next asked if the number and percentage of ‘DNA
contacting’ residues observed in the interface of the vari-
ous enzyme constructs (Table 2), as well as the overall com-
position of the protein surface (Figure 2), are closely cor-
related to the recognition specificity of the individual en-
zymes. To examine this question, we determined and com-
pared the specificity profiles of the engineered eOnuTCR
enzyme (which exhibits 23 DNA contacting residues, cor-
responding to 46% of the surface) and the eOnu7280 en-
zyme (which only displays DNA contacts for 17 out of the
same 50 residues, and contains significantly more non-polar
and glycine residues) to one another, as well as to the speci-
ficity profile of the original wild-type enzyme (51). These
three enzymes are all very active, driving high levels of gene
modification in the original host (52), in primary human T-
cells and in transgenic mosquitos (Table 1). This analysis
(Figure 5 and Supplementary Figure S4) demonstrated that
both redesigned enzyme variants are at least as specific as
the original wild-type enzyme, and that their specificity pro-
files differ substantially from one another. The eOnu7280
enzyme displays significant discrimination at 9 individual
positions in its target site (displaying greater than 50% re-
duction in cleavage activity as a result of any single base
pair substitution at any of those positions), as compared
to similar basepair discrimination at 5 or 6 positions by the
eOnuTCR andWT I-OnuI enzymes, respectively. All three
enzymes display strong fidelity at positions –1, +1 and +2
(at the center of their DNA targets), which appears to in-
dicate that they each read out, in a similar manner to one
another, similar bent conformations of the DNA backbone
across those positions (Figure 4).
The specificity profiles of the remaining three redesigned
enzymes (eOnuCCR5, eOnuHIVInt and eOnu11377) have
also been examined and agree with the analysis and conclu-
sions above (reference (36) and unpublished data).
The comparison of structures of the wild-type and var-
ious redesigned meganucleases provides many explicit ex-
amples of role-swapping between immediately neighbor-
ing residues, from participating in direct or water-mediated
contacts to DNA atoms, to instead playing an indirect
structural role in the organization of the DNA binding sur-
face (and vice-versa) (Figure 6A). Notable exchange of pro-
tein side chains in this process includes the introduction
or removal of glycines, small aliphatic residues, and beta-
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Table 2. Structural and functional roles of residues in the protein–DNA interface
*A ‘Direct Contact’, highlighted blue, is defined as an interaction between any protein side chain and DNA nucleotide atom involving a paired potential
H-bond donor and acceptor, spanning a distance of 3.5 A˚ or less, or a water-bridged interaction between two potential H-bond partners on protein and
DNA respectively, with both distances spanning 3.5 A˚ or less. The remaining residues in each interface are clearly observed in electron density to occupy
rotameric conformations and make contacts that remove them from potential DNA contacts, and instead form interactions strictly with other protein
residues, or to be significantly disordered.
**A ‘Structural Contact’, highlighted grey, is defined as any other amino acid side chain in the protein/DNA interface, that was also subjected to random-
ization and selection during engineering, but does not participate in a direct contact.
***Residues that are observable in the protein/DNA interface of the wild-type complex, but are entirely unobservable one or more of the engineered
nuclease / DNA complexes. Indicated by white cells and lower case grey font.
Residues within the DNA-binding surface were subjected to randomization and selection for new specificities. Panel a: Summary of the structures and
protein–DNA interface residues and roles for each structure. For each construct, the number of residues at each position making DNA contacts, versus the
number of residues not involved in DNA contacts (and therefore making only neighboring structural interactions within the DNA-binding surface) are
indicated, followed by the fraction of positions involved in obvious DNA contacts across the 50 residues, and the percent of residues that exchange roles in
DNA recognition relative to the wild-type enzyme. Panels b and c: The final selected amino acid identity at each position, for each engineered enzyme, is
shown below the same positions in wild-type enzyme. The two panels show the wild-type and selected residue identities for the N-terminal domain (which
contacts the 5′ half-site of the DNA target) and the C-terminal domain (which contacts the 3′ half-site of the DNA target), respectively.
branched residues at various positions, in order to accom-
modate and stabilize precise rotameric side conformations
at neighboring residues that contact DNA atoms. In addi-
tion, long residues with high conformational freedom (par-
ticularly arginines) are able to either formDNA contacts, or
to participate in purely structural contacts within the pro-
tein’s binding surface. Even at a position where the identity
of a particular DNA base pair is maintained across most of
the protein–DNA complexes, the contacts and correspond-
ing recognition mechanisms differ significantly from one
another (Figure 6B).
DISCUSSION
The results of this study, along with prior crystallographic
analyses of reengineered variants of the I-CreI meganu-
clease (18,25), demonstrate how a single LAGLIDADG
meganuclease efficiently adopts multiple new DNA target
specificities, even when changes to its sequence and com-
position is limited almost entirely to its DNA-binding sur-
face (a fraction of the protein that corresponds to approxi-
mately one-sixth of the entire protein). Additional sequence
changes in the surrounding protein scaffold does not appear
to be an essential component of their ability to be exten-
sively reprogrammed for new DNA targets. This property
would seem to match the biological and genetic require-
ments placed upon a successful mobile element, that needs
to be persistent in its recognition of an existing target site, as
well as opportunistic when a new target site presents itself
for ectopic transfer.
These results also reaffirm a broad body of published lit-
erature that collectively indicate that the balance of interac-
tions that dictate protein–DNA recognition specificity com-
prises the formation of directional hydrogen bonds between
protein residues and nucleotide bases, the overall steric
complementarity of the protein–DNA interface, and upon
recognition of the global structure and shape of the DNA
target. Recognition specificity is derived from the combined
contributions of both DNA-contacting and neighboring
structural residues. In the case of the meganucleases stud-
ied here, the entire interface behaves as a highly fluid and
readily malleable contact region during either evolutionary
or man-made changes to DNA target specificity.
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Figure 3. Structural superposition of wild-type and eOnu-DNA complexes. (A) Full length enzyme scaffolds (left image viewed from the side bound
to DNA; right image viewed into the DNA-binding surface of each enzyme in the absence of DNA). (B) Alignment of DNA-contacting -sheets and
corresponding side chains from the enzymes’ N-terminal domains (DNA not shown). These residues form the surface that contacts base pair positions -8
to -3 in the 5′ half-site of the DNA target. (C) Alignment of DNA contacting loops connecting -strands 1 and 2 in the N-terminal protein domain (DNA
not shown). These residues contact the outer three bases (positions –11, –10 and –9) at the extreme 5′ end of the DNA target. See Supplementary Table S1
for crystallographic data and refinement statistics, Supplementary Table S2 for rmsd values of the superimposed coordinates, Figure 2 for additional views
of the individual scaffolds and electrostatic surface potentials of the DNA-binding surfaces for the protein constructs, and Figure 4 for bending analyses
of the DNA target sites. Colors: WT I-OnuI = gray, eOnuCCR5 = blue, eOnuTCR = red, eOnuHIVInt = sand, eOnu7280 = green and eOnu11377 =
aquamarine.
The combination of the highly conserved 3D structure
and topology of LAGLIDADGmeganucleases and the rel-
atively facile manner by which their DNA recognition can
be altered (largely via resculpting of only their protein–
DNA interface) stands in contrast to restriction endonucle-
ases, which are notable both for the significant divergence
of their sequences and folded structures (while maintaining
similar active site architectures) and their intransigence to
protein engineering for the purpose of altering their DNA
recognition and cleavage specificity (53–55). In the pub-
lished examples of attempts to alter restriction endonucle-
ase specificity, it has been noted that “even for very well
characterized REases, the properties that determine speci-
ficity and selectivity are difficult to model with the available
structural information. . . furthermore, the crystal structure
of the recognition complex represents a form of the ‘ground
state’, but catalysis involves the ‘transition state’, whichmay
depend upon additional interactions not evident in the crys-
tal structure” (55).
While this statement and conclusion is undoubtedly true,
it could also be used to describe meganuclease activity and
specificity, particularly the observation that a great deal of
specificity is realized at the transition state of the cleav-
age reaction (11). It appears that very different selection
pressures on these endonucleases have dictated the ‘repro-
grammability’ of meganucleases (which, as the drivers of
mobile genetic elements, must continuously adjust to new
and shifting targets). In contrast, type II restriction en-
donucleases (which cannot dramatically alter their speci-
ficity without becoming toxic to their hosts) display quite
different structural and energetic landscapes surrounding
their cognate DNA complexes that are reflected in very dif-
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Figure 4. DNA bending. Upper panel: superposition of the bound uncleaved DNA targets from each crystal structure. Lower panels: Output of 3DNA
computational analyses (49) of three major DNA bending parameters (rise, roll and twist) for each crystal structure. Each engineered enzyme imparts a
similar bend to the center of the DNA target, resulting in significant narrowing of the minor groove between the ‘central 4’ bases of the target (positions
–2 to +2 in Figures 1 and 5).
ferent, more highly constrained routes for evolvability and
engineerability.
In terms of protein engineering, particularly for the pur-
pose of altering biomolecular recognition such as protein–
DNA binding, a large body of historical literature has
demonstrated an overall lack of consistent ‘codes’ or
propensities for certain types of sidechains to consistently
interact with certain base pairs (56). Considerable effort,
involving extensive rounds of selections across wide regions
of protein DNA-contacting surfaces, is often required when
investigators attempt to retarget the specificity of the many
types of nucleic acid-acting enzymes that are commonly
used for molecular biology and biotechnology applications
(recently reviewed in (57)). As illustrated in this study and
many others, the contribution of ‘nearby neighbors’ in a
protein–DNA interface should be accounted for in studies
that are intended to either evaluate or actually redesign the
specificity and function of a DNA-binding protein.
The eventual generation of a significant number of ex-
perimentally validatedmeganuclease–DNAcocrystal struc-
tures, featuring quite similar protein scaffolds that recog-
nize considerably different target sequences, may eventually
facilitate the development machine-learning algorithms as
part of a redesign strategy that is considerably more auto-
mated and reliable. Such computational approaches would
need to accurately model, with far greater precision than is
currently possible, potential changes in the conformation of
the DNA backbone and underlying base pairs, the confor-
mation of protein loops at the distal ends of the complex,
and the presence and participation of solvent molecules in
the protein–DNA interface (Supplementary Figure S5). We
envision that a dedicated effort in this direction may enable
such an approach in the future.
Finally, these results illustrate the physical basis for
the virtually limitless range of evolutionary retargeting of
protein–DNA specificity for at least one type of mobile en-
donuclease. By empowering all residues through the molec-
ular interface to potentially play a significant role in speci-
ficity determination, rather than relying only on a small sub-
set of those that are observed to make DNA contacts in an
individual complex. By sampling the considerable diversity
of shapes and recognition mechanisms that can be gener-
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Figure 5. Contact maps and specificity plots for WT I-OnuI, eOnuTCR and eOnu7280. Top of each panel: Residues that display direct (red or black),
water-mediated (blue), or metal-mediated (green) contacts to the DNA bases and backbone by three variants of the enzyme. See also Table 2. Bottom
of each panel: Specificity ‘information content’ plots of the same enzymes. At each position in the DNA target site, the effect of each of three separate
possible single base pair substitutions on cleavage activity was measured. The cleavage activity of each enzyme against 66 separate substrates (three possible
substitutions at 22 separate base pair positions; shown in the bar graphs) relative to the enzyme’s intended ‘on-target’ substrate were measured (39). For
each enzyme, positions in the DNA target that are limited to recognition and efficient cleavage in the presence of only one particular basepair (i.e. any
basepair substitution at that position causes >50% reduction in cleavage) is highighted in yellow. For each construct, the experiment was repeated three
times with biological replicates corresponding to separately transfected and induced yeast cultures; one representative set of results is displayed in the figure.
Because the absolute magnitude of cell staining in each replicate depends upon overall enzyme expression in each replicate, presenting mean values and
corresponding error bars representing standard deviation would require undesirable normalization between replicates; nonetheless the results shown here
are reproducible and representative of each enzyme’s behavior in those experiments. See Supplementary Figure S3 for example raw data for each enzyme.
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Figure 6. Examples of role-swapping between neighboring amino acid positions in the protein–DNA interface. (A) Residues 40, 42 and 44 are part of a
cluster of amino acids that are located nearDNAbase pair positions –7, –8 and –9 near the 5′ end of theDNA target site. (B) Example of context-dependent
diversity in recognition. Position +5 in the DNA target sites in this study corresponding to a C:G base pair for the wild-type enzyme and four of the five
engineered variants of the meganuclease. A wide variety of amino acid identities and contacts, spanning residues 180, 182, 201, 225, 227 and 236, are
required to dictate the same final specificity at that position, in a manner that is highly dependent on the surrounding sequence and structural context of
each enzyme. Electron density corresponds to features observed in a simulated annealing composite omit map displayed at 1.5 sigma contour level.
ated during the modification of the extensive protein–DNA
binding surface, and by doing so over an enormous scale
of both time and protein variants, it is clear that even when
constrained to a highly-conserved protein scaffold, nature
can achieve virtually any recognition specificity required to
satisfy the ongoing demands of selection pressures for fit-
ness and survival.
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